By combining experimental photoluminescence excitation spectroscopy and calculations based on density functional theory and many-body Green's functions, the most efficient excitation channels of infra-red (IR) emission from Mn-Mg k paramagnetic complexes stabilized in GaN:(Mn,Mg) are here identified. Moreover, a Tanabe-Sugano energy diagram for 3d 2 Mn 5+ is reconstructed and Mn-Mg 3 are singled out as the predominant configurations responsible for the IR emission. The correlation of intensity of the individual emission lines as a function of temperature and excitation energy, allows assigning them to well defined and specific optical transitions. * dmytro.kysylychyn@jku.at † alberta.bonanni@jku.at 1
sapphire substrate, a GaN low temperature nucleation layer is deposited at 540
• C and then annealed at 975 • C. Subsequently, a 1 µm-thick wurtzite (wz) GaN buffer is grown at 975
followed by a 600 nm-thick GaN:(Mn,Mg) layer at a substrate temperature of 850 • C. The relative concentration ratio of Mg and Mn is varied along the samples series and reaches y=Mg/Mn=4.1, with a total concentration of the dopants <1% cations, as confirmed by secondary ion mass spectroscopy (SIMS). All steps of the epitaxial process are monitored with in situ reflectometry and a systematic protocol of structural characterization encompassing atomic force microscopy (AFM), high-resolution x-ray diffraction (HRXRD) and high-resolution transmission electron microscopy (HRTEM), confirms the high crystallinity of the samples. A sketch of the sample structure is provided in the inset to Fig. 1(a) .
b. Photoluminescence excitation For the photoluminescence excitation (PLE) experiments, the samples are kept at T = 7 K in a continuous helium flow cryostat and the measurements are performed in the 1.28 eV-3.06 eV (970 nm-405 nm) energy (wavelength) range. A Mira 900 Ti:sapphire laser working in a continuous wave (cw) mode serves as exchange-correlation functional [30] and the projector augmented wave (PAW) method [31] .
A Γ-centered k-point mesh of 4×4×4 and a kinetic energy cut-off of 500 eV are employed for Brillouin zone sampling and for expanding the wave functions, respectively. The initial configurations of the Mn-Mg k complexes and the lattice parameters of wz-GaN are taken from Ref. [20] . The ionic positions are optimized with a 0.01 eV/Å tolerance for atomic forces. The absorption coefficient α (ω) for each structure is calculated from the dielectric function ǫ (ω) = ǫ 1 (ω) + iǫ 2 (ω) according to:
To compute the imaginary part of the dielectric function, DFT single particle energies moved with a scissors correction of 1.6 eV and the model BSE (mBSE) scheme [32] are employed. The real part of the dielectric function is then obtained through the KramersKrönig relations.
III. CHARGE STATE OF Mn IN THE Mn-Mg k COMPLEXES
The photoluminescence (PL) emission from GaN:(Mn,Mg) as a function of energy evidenced in Fig. 1(a) originates from d -shell intra-ion transitions of Mn, whose local environment is influenced by the presence of Mg ions and by the formation of Mn-Mg k complexes.
The Mn-Mg k complexes -with the most stable configurations pictured in Fig. 1 (b)-are deep defects and their energy levels are located in the band-gap of GaN.
As shown in Ref. [20] , the total spin of the Mn cations is modified by the presence of Ga-substitutional Mg ions as nearest neighbors. In particular, the increase of the y relative concentration ratio in the GaN:(Mn,Mg) layer from 0 to 3, changes the total spin of the system gradually from S=2 -corresponding to Mn 3+ in GaN:Mn [33, 34] [35] . The Mn charge state is:
(i) 4+ when in the Mn-Mg 1 complexes, and (ii) 5+ in the Mn-Mg k with k >1, as illustrated in Fig. 1(b) .
Photoluminescence studies as a function of the y=Mg/Mn ratio reveal weak IR emission Adapted from Ref. [20] . The charge state of Mn changes from 4+ to 5+, when k is increased from 1 to k ≥2 [20, 35] .
around 1 eV for y<3, i.e. when Mn-Mg k complexes with k=1,2 prevail, while the PL intensity is enhanced by a few orders of magnitude with increasing y, reaching a maximum for y=4.1, when the majority of the complexes is in the Mn-Mg 3 configuration [20] . Although a similar IR response around 1 eV from GaN:(Mn,Mg) was previously attributed to intra-Mn 4+ transitions [22] [23] [24] [25] , the systematic study in Ref. [20] indicates that the mentioned emission is rather related to Mn 5+ in the Mn-Mg 3 complexes. With the present work, we confirm both experimentally and theoretically, the latter assumption and we build an energy diagram for Mn 5+ in the crystal field of GaN:(Mn,Mg), which enables to assign the single emission peaks to specific intra-ion transitions. Depending on the response to the variations in excitation energy of the emission peaks labeled in Fig. 1(a) , the following trends are identified: (I) peaks L988, L1009, L1034 and L1037 persist at all considered excitation energies; (II) peaks L1001, L1014 and L1050 significantly quench at excitation energies above 2 eV. This suggests, that the emitting levels within a group share a common specific excited state.
As evidenced in Fig. 3(b) , the peak intensities of L1034 and L1014: (i) reach their resonant excitation at 1.76 eV and 1.74 eV, respectively, and (ii) show a different behavior as a function of the excitation energy, which is assigned to the diverse local environment of the two emitting Mn-centers. Moreover, at excitation energies above the resonant one, the intensity of L1034 and L1014 is quenched by a factor of two for L1034 and, significantly, by a factor five for L1014, confirming the specific response of the two emitting centers, sharing The energy diagram for the 3d 2 configuration of specific ions in GaN was already reported for Ti 2+ [36] , V 3+ [37] [38] [39] , and Cr 4+ [37, 40] . Here, for the particular case of 3d 2 Mn 5+ , we follow the Tanabe-Sugano approach -based on the occupancy of the d-shell of the transition metal and on symmetry considerations-accounting for the splitting of the energy levels, due to the crystal field [41] . Specifically, we consider Mn in GaN in the tetrahedrally coordinated Mn-N 4 arrangement, and we reconstruct the energy diagram reported in Fig. 4 , based on the Tanabe-Sugano scheme and on the obtained experimental excitation and emission spectra.
In the case of the studied structures, the strength of the tetrahedral crystal field splitting is estimated to be Dq=833 cm −1 , as obtained graphically by means of the Tanabe-Sugano diagram. The reliability of the method is supported by reference calculations of the crystal field Dq for V 3+ and Cr 4+ in GaN and confirmed with the values in Ref. [37] . Due to spinorbit coupling, the state 3 T 2 (F) with energy E splits into: (1) a singlet (J=0), a triplet (J=1) and a quintet (J=2). The latter splits further in the cubic crystal field, due to offdiagonal elements of the spin-orbit interaction with other excited terms, into a doublet E and a triplet T. Moreover, for the Mn-N 4 arrangement in the wz structure the contribution of the trigonal crystal field -with magnitude comparable to the one of the spin-orbit couplinghas to be taken into account. Additionally, in a Mn-Mg k complex, due to the shortening of the Mn-N bonds caused by the presence of Mg [20] , the symmetry is lower than trigonal, except for the Mn-Mg 3 case, which arranges all the relevant Mg ions in the (0001) plane.
This implies that complexes in different configurations exhibit different symmetries, hence, resulting in energy diagrams that are relatively shifted.
The strongest resonant excitation occurring at 1.75 eV in Fig. 3(a) is ascribed to the absorption of incoming photons with energy corresponding to the 3 A 2 (F)→ 3 T 1 (F) transition splitting of the order of 40-60 eV [37] , and (ii) splitting from the breaking of the trigonal symmetry (not shown in Fig. 4 ).
C. Assignment of the emission lines
The two most intense emission peaks reported in Fig. 1(a) , namely L1034 and L1037, show a comparable behavior as a function of the excitation energy and a commensurate value of full-width-at-half-maximum (FWHM) of ∼2 meV. These peaks are not due to transitions from the same excited level to the 3 A 2 (F) ground state split by the trigonal distortion of the complex, since the strength of this splitting -being 0.31 meV-is one order of magnitude smaller than their relative energy difference 3 meV, as reported in Ref. [20] .
The temperature dependence of the emission reveals an ebbing of L1034 and an enhancement of the emission intensity of L1037 up to 40 K -as reported in in Fig. 5-resulting from a Boltzmann redistribution of the population of levels. In contrast, above 40 K non-radiative processes quench the emission. This behavior implies that the initial state of the L1034 and L1037 transitions: (i) belongs to the same Mn-center, and (ii) is separated by 3 meV, due to the splitting originating from the distortion of the Mn-Mg 3 complex in the trigonal field.
Moreover, it indicates that the lifetime of the excited state is much longer than the relaxation between the levels. Thus, the attenuation of the L1034 intensity can be described assuming the presence of two competing non-radiative processes [42] according to the relation for the intensity I:
with k B being the Boltzmann constant, T the temperature and with the activation energies E A1 and E A2 of the two competing processes calculated to be 3 meV and 37 meV, respectively. The estimated activation energy E A1 =3 meV corresponds to the energy separation of the two levels from which the emission lines L1034 and L1037 arise. The activation energy E A2 =37 meV matches the magnitude of the splittings due to spin-orbit interaction and to the trigonal symmetry distortion.
We identify L1054, L1056, L1058 and L1069 reported in Fig. 1(a) as hot zero phonon lines (hot-ZPLs), since their intensity significantly increases with temperature as reported in Fig. 5 for L1056, pointing at transitions from upper levels of the splitted 3 T 2 (F) state for diverse orientations of the Mn-Mg 3 complexes. In contrast, the intensity of the remaining emission lines is quenched with increasing temperature.
The transitions L988, L1001, L1009, L1014, L1034 and L1050, are attributed to ZPLs corresponding to a well defined Mn-Mg 3 complex with diverse orientations, resulting in a shift of the energy levels due to the trigonal distortion specific to each of them.
In order to confirm the identification of the emission lines related to the same orientation of the complex and the assignment of phonon replicas, the correlation factor Γ is evaluated, according to [43] :
where I energy E α and E β , respectively;Ī α andĪ β -the intensity averaged over all spectra at the emission energy E α and E β , respectively. The index i varies from 1 to 101 and labels the emission spectra recorded for subsequent excitation energies. The correlation map for the emission in the energy range between 906 meV and 1076 meV is reproduced in Fig. 6 . When emissions at two selected energies E α and E β are correlated, i.e. Γ → 1 (anti-correlated Γ → −1) they show the same (inverse) behavior as a function of the excitation energy: if the intensity of the E α -line is enhanced, the one of the E β -line increases as well (decreases).
If Γ → 0, the two emissions are not correlated. changes of selected emission lines with the excitation energy, are identified and assigned to the different radiation diagrams of the related Mn-Mg 3 complexes. Moreover, the correlation of the most intense emission lines with the corresponding A 1 (TO) phonon replicas has been established.
Besides opening perspectives for the realization of alternative nitride-based IR (single) emitters through the understanding of the emission mechanisms in correlation with the growth protocols, this study contributes to build a platform for the analysis of coherent phenomena involving the spin degree of freedom of the paramagnetic complexes. The understanding of the excitation and emission mechanisms in the considered complexes, is also significant in the view of implementing these stable self-assembled sub-nano-objects in e.g.
spin memories, where information may be written in the spin state of the ion by polarized optical excitation, stored and then read-out either optically [44] or electrically [45] .
